Hypertrophic growth is an adaptive response of the heart to diverse pathological stimuli and is characterized by cardiomyocyte enlargement, sarcomere assembly, and activation of a fetal program of cardiac gene expression. A variety of Ca 2+ -dependent signal transduction pathways have been implicated in cardiac hypertrophy, but whether these pathways are independent or interdependent and whether there is specificity among them are unclear. Previously, we showed that activation of the Ca 2+ /calmodulin-dependent protein phosphatase calcineurin or its target transcription factor NFAT3 was sufficient to evoke myocardial hypertrophy in vivo. Here, we show that activated Ca 2+ /calmodulin-dependent protein kinases-I and -IV (CaMKI and CaMKIV) also induce hypertrophic responses in cardiomyocytes in vitro and that CaMKIV overexpressing mice develop cardiac hypertrophy with increased left ventricular end-diastolic diameter and decreased fractional shortening. Crossing this transgenic line with mice expressing a constitutively activated form of NFAT3 revealed synergy between these signaling pathways. We further show that CaMKIV activates the transcription factor MEF2 through a posttranslational mechanism in the hypertrophic heart in vivo. Activated calcineurin is a less efficient activator of MEF2-dependent transcription, suggesting that the calcineurin/NFAT and CaMK/MEF2 pathways act in parallel. These findings identify MEF2 as a downstream target for CaMK signaling in the hypertrophic heart and suggest that the CaMK and calcineurin pathways preferentially target different transcription factors to induce cardiac hypertrophy.
Introduction
Hypertrophic growth is an adaptive response of the heart to a variety of pathological stimuli, including hypertension, myocardial infarction, endocrine disorders, and perturbations in sarcomeric function due to altered expression or mutations of contractile proteins. In response to hypertrophic signals, cardiomyocytes activate a cellular response characterized by an increase in cell size, sarcomere assembly, induction of fetal cardiac genes, and repression of genes encoding the corresponding adult isoforms (1) (2) (3) (4) .
Numerous studies indicate that alterations in intracellular Ca 2+ signaling are a primary stimulus for the hypertrophic response. For example, stimulation with Ca 2+ agonists (5), treatment with Ca 2+ ionophores (6) , or elevation of extracellular Ca 2+ (7) results in hypertrophic responses in primary cardiomyocytes in vitro. Hypertrophic agents, including β-adrenergic agonists, angiotensin II (AngII), and endothelin-1 (ET-1) also activate Ca 2+ -dependent intracellular signaling systems (8) (9) (10) . Conversely, blockade of depolarization-induced Ca 2+ entry in cardiomyocytes prevents the cellular and molecular changes associated with hypertrophy (5) . Perturbations in Ca 2+ handling have also been documented in hypertrophic cardiomyocytes with altered contractility due to aberrant expression of sarcomeric proteins (reviewed in ref. 11) .
Recently, we showed that the Ca 2+ /calmodulindependent protein phosphatase, calcineurin, can transduce hypertrophic signals in vivo and in vitro (12) . Treatment of cultured cardiomyocytes with the calcineurin inhibitors cyclosporin A (CsA) and FK506 blocked the hypertrophic response to phenylephrine (PE) and AngII, and expression of activated calcineurin in the hearts of transgenic mice led to hypertrophy that progressed to dilated cardiomyopathy and sudden death (12) . Moreover, treatment with CsA of several mouse models of hypertrophy arising from altered sarcomeric function or Ca 2+ -dependent signaling has been shown to prevent or diminish hypertrophy (13, 14) .
Hypertrophic growth is an adaptive response of the heart to diverse pathological stimuli and is characterized by cardiomyocyte enlargement, sarcomere assembly, and activation of a fetal program of cardiac gene expression. A variety of Ca 2+ -dependent signal transduction pathways have been implicated in cardiac hypertrophy, but whether these pathways are independent or interdependent and whether there is specificity among them are unclear. Previously, we showed that activation of the Ca 2+ /calmodulin-dependent protein phosphatase calcineurin or its target transcription factor NFAT3 was sufficient to evoke myocardial hypertrophy in vivo. Here, we show that activated Ca 2+ /calmodulin-dependent protein kinases-I and -IV (CaMKI and CaMKIV) also induce hypertrophic responses in cardiomyocytes in vitro and that CaMKIV overexpressing mice develop cardiac hypertrophy with increased left ventricular end-diastolic diameter and decreased fractional shortening. Crossing this transgenic line with mice expressing a constitutively activated form of NFAT3 revealed synergy between these signaling pathways. We further show that CaMKIV activates the transcription factor MEF2 through a posttranslational mechanism in the hypertrophic heart in vivo. Activated calcineurin is a less efficient activator of MEF2-dependent transcription, suggesting that the calcineurin/NFAT and CaMK/MEF2 pathways act in parallel. These findings identify MEF2 as a downstream target for CaMK signaling in the hypertrophic heart and suggest that the CaMK and calcineurin pathways preferentially target different transcription factors to induce cardiac hypertrophy.
Overexpression of the calcineurin inhibitory protein Cabin/Cain is also sufficient to block myocardial hypertrophy in vitro (15) . Induction of the hypertrophic response by calcineurin appears to be mediated, at least in part, by dephosphorylation of the Ca 2+ -regulated transcription factor NFAT3, a cofactor for the cardiac zinc-finger transcription factor GATA-4 (12) .
Because the calcineurin/NFAT3 signal transduction pathway is only one of several signaling systems shown to be capable of inducing hypertrophy, an important question is whether this pathway is integrated with, or independent of, other hypertrophic signaling systems. Although our previous studies demonstrated that activated calcineurin is sufficient, and in some situations necessary, for hypertrophy (12) , calcineurin activation does not appear to be sufficient to account for all forms of hypertrophy. There are reports, for example, that hypertrophy in spontaneously hypertensive rats and in response to pressure overload in aortic-banded rats and mice is not prevented by CsA or FK506 (16) (17) (18) (19) (20) (21) , although other reports have concluded that these calcineurin inhibitors can prevent or reduce hypertrophy under these conditions (13, 18, 22) . Postnatal growth of the heart also occurs normally in mice maintained on calcineurin inhibitors (12) , and certain transgenic mouse lines do not respond to calcineurin inhibition (13) , indicating the existence of calcineurin-independent mechanisms for cardiac growth.
There is substantial evidence suggesting that the intracellular Ca 2+ -binding protein, calmodulin, may be a key regulator of cardiac hypertrophy. For example, overexpression of calmodulin in the hearts of transgenic mice induces hypertrophy (23) , and treatment of cultured cardiomyocytes with the calmodulin antagonist W-7 prevents hypertrophy in response to α-adrenergic stimulation and Ca 2+ channel agonists (5) . Calcineurin and the multifunctional CaMK are well-characterized downstream targets of calmodulin regulation. Indeed, activated CaMKII has been shown to induce the hypertrophic-responsive gene atrial natriuretic factor (ANF) in primary cardiomyocytes in vitro, although it cannot activate the complete hypertrophic response (24) . The CaMKII inhibitor KN-62 can also block ANF release in electrically paced or endothelin-1-treated atrial cardiomyocytes in vitro (25, 26) . Recently, cardiac CaMK activity was also reported to be elevated in patients with dilated cardiomyopathy (27, 28) . However, whether CaMK signaling is sufficient for hypertrophic growth in vivo has not been investigated. The potential involvement in cardiac hypertrophy of CaMK isoforms other than CaMKII has also not been studied.
In the present study, we investigated the relationship between CaMK signaling and the calcineurin/NFAT3 pathway in cardiomyocytes in vivo and in vitro. We show that activated CaMKI and CaMKIV can induce the hypertrophic response in primary neonatal cardiomyocytes and that CaMKIV synergizes with activated NFAT3 to stimulate hypertrophy in vivo. Using a unique transgenic mouse line, harboring a lacZ transgene under transcriptional control of the consensus binding site for the transcription factor MEF2, which has been implicated in Ca 2+ -dependent transcription (29) , we also show that signaling by CaMKIV, but not calcineurin, potently stimulates MEF2 activity through a posttranslational mechanism in the heart in vivo. These findings identify MEF2 as a downstream target for CaMK signaling in the heart and suggest that Ca 2+ /calmodulin-dependent signaling pathways controlled by CaMK and calcineurin act cooperatively and in parallel to preferentially activate distinct transcriptional targets in the heart.
Methods
Transfection assays. An ANF-luciferase reporter was generated by subcloning 700 bp of the ANF proximal upstream promoter sequence (30) in pGL3 (Promega Corp., Madison, Wisconsin, USA). For the generation of the α-skeletal actin-luciferase reporter, 420 bp of α-skeletal actin proximal upstream promoter sequence (31) was subcloned in pGL3. Activated forms of calcineurin, CaMKI and CaMKIV, all lacking the calciumdependent domains in their COOH-termini, were subcloned in pCDNAI. Primary rat cardiomyocytes were transiently transfected in six-well plates with the ANFluciferase reporter (50 ng/well) or the α-skeletal actinluciferase reporter (50 ng/well) in the presence of expression vectors for calcineurin, CaMKI, or CaMKIV alone or in combination. The total amount of DNA for each transfection was 70 ng/well. Empty pCDNAI was used to normalize DNA amounts. CsA was added to cardiomyocyte cultures immediately before transfection at a final concentration of 400 nM. Forty-eight hours later, cells were harvested and luciferase assays were performed with a Luciferase assay kit (Promega Corp.).
Creation of transgenic mice and Southern analysis. An expression plasmid encoding a truncated form of human CaMKIV, spanning the first 317 amino acids (kindly provided by T. Chatila, Washington University School of Medicine, St. Louis, Missouri, USA), was subcloned into the SalI site of pBluescript containing the α-myosin heavy chain promoter (32) . This CaMKIV construct contains the catalytic domain, but lacks the COOH-terminal calmodulin-binding domain, resulting in constitutive activation of the enzyme (33) . The CaMKIV sequence was preceded by a flag-tag (eight amino acids) and a Kozak consensus sequence. At the COOH-terminus of CaMKIV, the human growth hormone (HGH) poly-A tail was included. Plasmid DNA was removed by NotI digestion, and the linearized CaMKIV construct was gel isolated and purified. The CaMKIV construct was eluted in 10 mM Tris-HCl (pH 7.8) and 0.1 mM EDTA (pH 8.0). FVB mice were superovulated by standard procedures, and fertilized eggs were injected with the linearized DNA (2 ng/µL). The injected embryos were transferred to the oviducts of pseudopregnant FVB mice. Offspring were analyzed for the presence of the transgene by Southern analysis of genomic DNA using a 32 P-labeled HGH-fragment as a probe.
MEF2 indicator mice harbor a lacZ transgene linked to the hsp68 basal promoter and three tandem copies of the MEF2 site from the desmin enhancer. The creation of these mice and the expression pattern of lacZ during embryogenesis have been described elsewhere (34) .
Immunoprecipitation and Western blot analysis. Brain and heart tissues from wild-type and CaMKIV transgenic mice were minced in 1 mL lysis buffer containing 50 mM HEPES (pH 7.0), 250 mM NaCl, 0.1% NP40, 5 mM EDTA, and 1 mM PMSF, EDTA-free complete proteinase inhibitor (Roche Molecular Biochemicals, Indianapolis, Indiana, USA). Four micrograms of anti-Flag mAb (Sigma Chemical Co., St. Louis, Missouri, USA) or 1 µg of anti-CaMKIV mAb (Transduction Laboratories, Lexington, Kentucky, USA) and 25 µL of protein A/G beads were added to 500 µg of protein from the different tissue extracts and incubated overnight at 4°C on a platform rocker. After three washes in lysis buffer, precipitated proteins were resolved by SDS-PAGE and transferred to PVDF membranes and immunoblotted with the anti-CaMKIV mAb. Proteins were visualized using a chemiluminescence system (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA). As a CaMKIV-positive control, 10 µL of Jurkat cell lysate (Transduction Laboratories) was used.
Histology and morphometric analysis. Hearts from wildtype and transgenic mice were collected and cut at the midsagittal level and parallel to the base of the heart. Hearts were fixed overnight in 4% paraformaldehyde buffered with PBS, routinely processed, and paraffin embedded. Hearts were sectioned at 4 µm and stained with hematoxylin and eosin. Myocyte cross-sectional areas were measured from wild-type and CaMKIV transgenic heart tissue sections (n = 6, each) using a computerized morphometric system (Scion Image; National Institutes of Health, Bethesda, Maryland, USA). All wild-type and transgenic sections were measured at the same magnification in different regions of the heart (left and right ventricle, septum and papillary muscle). Myocyte cross-sectional area was measured per nucleus, and only myocytes that were cut in the same direction were included in the measurements. As criteria, the position and shape of the nucleus within the myocyte were used. All measurements were obtained by an examiner blinded to the genotype of the animals.
Assays for lacZ activity. β-Galactosidase assays were performed on cardiac extracts from MEF2-indicator mice as described previously (35) under conditions of linearity with respect to time and protein concentration.
RNA isolation and Northern hybridization analysis. Hearts from wild-type and CaMKIV transgenic mice were isolated, frozen in liquid nitrogen, and stored at -80°C. Tissues were homogenized in Trizol (GIBCO BRL, Grand Island, New York, USA), extracted by chloroform, and precipitated by isopropyl alcohol. For Northern analysis, 15 µg of total RNA was separated on a 1.5% formaldehyde/MOPSagarose gel, blotted to nitrocellulose, and hybridized with 32 P-labeled probes for ANF, αMHC, and GAPDH. After washing, filters were exposed to Phosphor screens and scanned using the Phosphor Imager (Molecular Dynamics, Sunnyvale, California, USA). RNA levels were quantitated using ImageQuant software (Molecular Dynamics). Expression levels were corrected for GAPDH mRNA levels.
Transthoracic echocardiography. Cardiac function of wild-type and transgenic mice was evaluated noninvasively with echocardiography. Mice were anesthetized with 2.5% Avertin (15 µL/g body weight) (36) . The ventral chest was shaved and the animal placed on a thermally controlled table in a slight left lateral decubitus position. Echocardiography was performed using a Hewlett Packard (Andover, Massachusetts, USA) Sonos 5500 Ultrasound system with a 12-Mhz transducer. Heart rate was determined by ECG analysis. At least three independent M-mode measurements per animal were obtained by an examiner blinded to the genotype of the animal. Left ventricular chamber diameter in end-systole (LVESD) and end-diastole (LVEDD), interventricular septum wall thickness in end-systole (IVSS) and end-diastole (IVSD), and left ventricular posterior wall thickness in end-systole (LVPWS) and end-diastole (LVPWD), as well as left ventricular fractional shortening (FS% = [(LVEDD -LVESD)/LVEDD] × 100), were determined in a short axis view at the level of the papillary muscles. Echo left ventricular mass (LVm) was calculated as: LVm = (IVSD + LVEDD + LVPWD) 3 -LVEDD 3 (37) .
Gel mobility shift assays. Gel mobility shift assays using cardiac nuclear extracts were performed as described elsewhere (38) . For supershift experiments, 1 µL of anti-MEF2A antibody (C-21; Santa Cruz, Biotechnology Inc.) was added to the reaction.
Statistical analysis. All data are presented as mean ± SEM. Statistical significance of differences was calculated using a Student's t test. Significance was accepted at the level of P < 0.05.
Results

Activation of hypertrophic-responsive gene promoters by CaMKI and -IV.
To begin to investigate the potential role of CaMK signaling in cardiac hypertrophy, we tested whether activated forms of CaMKI and CaMKIV, lacking the COOHterminal regulatory region required for Ca 2+ /calmodulindependent regulation, could activate the promoters of the ANF and α-skeletal actin genes linked to luciferase in transiently transfected cardiomyocytes. Consistent with the known responsiveness of these promoters to hypertrophic signals, activity of both promoters was upregulated by CaMKI and CaMKIV (Figure 1 ). These promoters were also activated to comparable levels by calcineurin ( Figure 1) . Expression of CaMKI and IV together did not result in additional activation of the ANF or α-skeletal actin promoters above that seen with either kinase alone. In contrast, the maximal effects of calcineurin and CaMKI or -IV were additive. These results suggested that these CaMKs acted through a common pathway to activate the hypertrophic response and that this pathway was sepa-rate from the calcineurin pathway.
To investigate further the possible involvement of calcineurin in hypertrophic signaling by CaMKI and -IV, we tested the effects of CsA on induction of the ANF and α-skeletal actin promoters by these kinases (Figure 1 ). CsA completely blocked hypertrophic signaling by calcineurin and, unexpectedly, partially affected activation by CaMKI and -IV. In the presence of both calcineurin and these CaMKs, CsA reduced expression of the ANF and α-skeletal actin promoters approximately to the level observed with CsA and CaMKI or -IV alone, which was substantially higher than the level seen with CsA and calcineurin. We conclude that the calcineurin and CaMK pathways are cooperative and that calcineurin may be required for maximal responsiveness to CaMK, but calcineurin activation cannot account for the complete response to CaMKI and -IV.
Creation of αMHC-CaMKIV transgenic. In light of the ability of CaMKI and -IV to induce hypertrophicresponsive promoters in primary cardiomyocytes, we extended our studies to investigate whether CaMK signaling could also induce cardiac hypertrophy in vivo, by generating mice that expressed activated CaMKIV in the heart, under control of the αMHC promoter. Five founders carrying the CaMKIV transgene were obtained. One of the founders died at 3 weeks of age with an estimated copy number of 50. Three of the surviving lines had a single copy of the transgene, and one line had three copies. Founder transgenic mice were bred to FVB mice to generate F1 offspring. Transgene expression was determined by Northern analysis using a probe specific to the coding region of human CaMKIV. All transgenic lines expressed the CaMKIV transgene in the heart (data not shown).
The level of expression of CaMKIV protein in hearts of αMHC-CaMKIV transgenic mice was determined by immunoprecipitation and Western blot analysis. As a positive control, parallel assays were performed on extracts from brain, the tissue with highest levels of CaMKIV expression (39) . As seen in Figure 2 , immunoprecipitations of brain extracts with CaMKIV antibody yielded the predicted 61-kDa CaMKIV protein. To determine whether the CaMKIV transgenic mice expressed the truncated CaMKIV protein, heart extracts from transgenic mice were immunoprecipitated with anti-CaMKIV or anti-Flag mAb and immunoblotted with anti-CaMKIV. The CaMKIV anti- Cardiac hypertrophy in vivo in response to activated CaMKIV expression. Examination of the hearts of αMHC-CaMKIV transgenic mice beginning at 1 month of age revealed moderate enlargement. At 8, 12, and 24 weeks of age, the heart weight/body weight ratios of the transgenics were significantly increased by 28%, 38% and 25%, respectively (Figure 3a and Figure 4 ).There was no difference between body weight from wild-type and transgenic mice, indicating that the increases of heart weight/body weight ratios were due to an increase in heart weight. In all four transgenic lines, an increase of heart weight/body weight ratio was observed, although the rate of progression of cardiac disease was most severe in the line with three copies of the transgene. The transgenic line with an estimated 50 copies of the transgene, which died at 3 weeks of age, showed extreme dilated cardiomyopathy (data not shown). The early lethality in this animal and the fact that viable transgenic lines had only one to three copies of the transgene may indicate that activated CaMKIV is a highly potent hypertrophic stimulus that can only be tolerated at relatively low levels. Cardiomyocyte areas were not increased in 6-week-old CaMKIV transgenic hearts, moderately increased at 8 weeks, and significantly increased at 20 weeks of age (Figure 3b and Figure 4f) , indicating a slow progression of cardiac hypertrophy, as suggested by the heart weight/body weight ratios.
We examined expression of the hypertrophic-responsive cardiac genes, ANF and αMHC, in CaMKIV transgenic mice by Northern analysis of RNA from heart. As shown in Figure 3c , ANF transcripts were dramatically upregulated (24-fold), whereas αMHC was downregulated (12-fold) in hypertrophic transgenic hearts. GAPDH transcripts were measured to correct for differences in RNA amounts between the samples (Figure 3c) .
Transthoracic echocardiography in CaMKIV transgenic mice. On the basis of histological sections from CaMKIV transgenic hearts at 2 months of age, we observed an increase in wall thickness without significant increases of the inner ventricular radius, consistent with parallel sarcomere replication in concentric hypertrophy (40) . However, at 6 months of age, cardiac wall thickening was frequently accompanied by ventricular dilation, suggesting progression from concentric hypertrophy to a dilated hypertrophic phenotype. To correlate abnormalities further in cardiac structure (as observed in histological section) and function, we measured wall thickness, ventricular diameter, and cardiac function by transthoracic echocardiography in 3-and 6-month-old transgenic mice and wildtype littermates. At 3 months, IVSD, LVEDD, and LVPWD in transgenic mice were increased by 18%, 20%, and 29%, respectively. Furthermore, in transgenic mice, LVESD was increased by 27%, and the calculated LVm was increased by 77%, whereas the heart rate (HR) was decreased by 23%. Although cardiac function, measured by FS, was not significantly different in wild-type and transgenic mice at 3 months of age, a trend toward decreased FS was observed in transgenic mice (Table 1) .
At 6 months of age, LVEDD and LVESD in transgenic mice were significantly increased by 21% and 64%, respectively ( Figure 5 and Table 1 ). Accordingly, FS was decreased by 37% in transgenic mice. The calculated LVm was also increased by 43% in 6-month old transgenic mice (Table 1 ). These data demonstrate that early-onset hypertrophy at 3 months of age in CaMKIV transgenic mice, with no significant change in cardiac function, is accompanied by a moderate increase in left ventricular chamber dilation. By 6 months, cardiac dysfunction progresses to dilated cardiomyopathy with pronounced left ventricular chamber dilation, and significantly reduced FS.
Synergy between CaMKIV and calcineurin/NFAT3 pathways in vivo. Previously, we showed that expression of a constitutively active mutant form of NFAT3, called NFAT∆317, in the heart resulted in hypertrophy (12) . To begin to investigate the potential relationship between the CaMKIV and NFAT signaling pathways, we intercrossed mice expressing the αMHC-CaMKIV and αMHC-NFAT∆317 transgenes. At 6-8 weeks of age, hypertrophy in each line was relatively modest, whereas in the double transgenics, hypertrophy was greatly enhanced (Figure 6 ). Several attempts were also made to intercross αMHC-calcineurin and αMHC-CaMKIV transgenic mice. We were only able to obtain one double transgenic mouse, which displayed severe dilated cardiomyopathy at 3 weeks of age. None of the CaMKIV or the calcineurin transgenics displayed this cardiac phenotype at 3 weeks of age (data not shown).These results suggest that the CaMKIV and calcineurin/ NFAT3 pathways can synergize to control cardiac growth. Hypertrophy in response to NFAT∆317 is less pronounced than for activated calcineurin, which is likely to explain why NFAT∆317/CaMKIV double transgenics showed greater viability than calcineurin/CaMKIV mice.
CaMK signaling specifically stimulates activity of the MEF2 transcription factor in vivo. MEF2 transcription factors regulate numerous cardiac genes and have been shown to act as end points in Ca 2+ -dependent signaling pathways (reviewed in ref. 29) . To determine whether MEF2 might be a downstream target for CaMKIV signaling in the heart, we intercrossed the αMHC-CaMKIV transgenics with MEF2-indicator mice, which harbor a lacZ transgene under transcriptional control of three tandem copies of the MEF2 consensus binding site (34) . This MEF2-dependent lacZ reporter gene is expressed throughout the embryonic heart (34), reflecting the important role of MEF2 factors in activation of muscle-specific gene expression during development (41) .
Although MEF2 protein is expressed at high levels in the adult heart (42, 43) , the MEF2-dependent lacZ transgene was not expressed above background levels in the heart after birth (Figure 7a) , consistent with the notion that MEF2 factors require specific signaling events or cofactors for activation. Indeed, the MEF2-lacZ transgene was upregulated to extremely high levels of expression throughout the heart when it was introduced by breeding into the αMHC-CaMKIV transgenic line (Figure 7a ). Quantitative β-galactosidase assays on cardiac extracts showed a greater than 100-fold increase in expression of the lacZ transgene in the heart in response to CaMKIV (Figure 7b ), demonstrating that CaMK signaling is a potent inducer of MEF2 activity in cardiomyocytes in vivo.
To assess the specificity of the response of the MEF2-lacZ reporter to CaMK signaling, we assayed its expression in αMHC-calcineurin transgenic mice, which show a much more profound hypertrophic response than the αMHC-CaMKIV transgenics (12) . Despite the extreme hypertrophy in αMHC-calcineurin transgenics, the MEF2-lacZ transgene was activated only about eightfold in hearts from these mice, based on quantitative β-galactosidase assays (Figure 7b) . In contrast to αMHC-CaMKIV transgenics, which showed extremely high lacZ staining throughout the heart, staining was observed only sporadically in cardiomyocytes from αMHC-calcineurin transgenics, as seen in histological cross-sections (Figure 7a) .
In transgenic mice bearing the hsp-lacZ transgene linked to multimers of a mutant MEF2 site, there was no lacZ expression (data not shown). These results demonstrate the dependence of transgene expression on MEF2 binding in vivo. 
CaMK signaling does not alter MEF2 DNA binding activity in vivo.
We next investigated whether the dramatic increase in MEF2 transcriptional activity in response to CaMK signaling was accompanied by an increase in MEF2 DNA binding activity. Extracts were prepared from wild-type, αMHC-CaMKIV, and αMHC-calcineurin transgenic mice and tested for MEF2 DNA binding activity by gel mobility shift assays with a 32 Plabeled MEF2 binding site as probe. The level of MEF2 DNA binding activity was comparable in cardiac extracts from wild-type, αMHC-CaMKIV, and αMHC-calcineurin (Figure 7c ) mice. Thus, despite a greater than 100-fold increase in transcriptional activity of MEF2 in hearts from αMHC-CaMKIV transgenics, there appeared to be no difference in MEF2 DNA binding activity, suggesting that CaMK signaling activates preexisting MEF2 protein.
To confirm that all binding activity observed with this assay was attributable to MEF2, we performed antibody "supershift" assays. In the presence of anti-MEF2A antibody, the entire MEF2-DNA complex was supershifted to a slower-migrating ternary complex, indicating that all of the MEF2 binding activity is composed of either MEF2A homo-or heterodimers (Figure 7c ). Previous studies have demonstrated that this antibody is specific for MEF2A and does not recognize other MEF2 isoforms (our unpublished observations). Western blot analysis of cardiac extracts with anti-MEF2A antibody also confirmed that there was no difference in the amount of MEF2 protein in extracts from wild-type and hypertrophic mice (data not shown).
Discussion
The results of this study show that CaMK signaling induces cardiac hypertrophy through a mechanism leading to posttranslational activation of the MEF2 transcription factor and that the CaMK pathway cooperates with the calcineurin/NFAT3 pathway in the heart in vivo. A model to account for our findings is shown in Figure 8 . According to this model, the CaMK and calcineurin signaling pathways act in parallel to preferentially target MEF2 and NFAT, respectively. Because CaMK activation occurs in response to high-amplitude Ca 2+ waves, whereas calcineurin is activated by sustained, low-amplitude Ca 2+ transients (44) Data are presented as mean ± SEM. For WT, n = 7 animals; for CaMKIV, n = 9 animals. A P < 0.05 versus WT animals. B P < 0.01 versus WT animals. C P < 0.001 versus WT animals.
vate one pathway or the other, whereas some stimuli that mobilize different Ca 2+ pools could potentially activate both pathways. In the latter case, an especially pronounced hypertrophic response, as seen in CaMKIV/NFAT∆317 double transgenics, would be expected. The ability of calmodulin overexpression to induce hypertrophy in vivo (23) or of the calmodulin inhibitor W-7 to prevent induction of hypertrophicresponsive genes by electrical stimulation of contraction of cardiomyocytes in vitro (45) could be explained by one or both of these pathways.
Parallel and cooperative calmodulin-dependent pathways leading to cardiac hypertrophy. Our results support the conclusion that the CaMK and calcineurin pathways for hypertrophic signaling are separate, but there is crosstalk between the pathways as revealed by the partial decrease in CaMK responsiveness in the presence of CsA and by the weak, but measurable, activation of MEF2-dependent transcription in vivo by calcineurin. The finding that the CaMK and calcineurin signaling pathways cooperate to induce cardiac hypertrophy in vivo is consistent with the cooperativity between these pathways in other cell types. In T cells, for example, CaMKIV and calcineurin have been shown to act synergistically to activate cytokine genes (46, 47) , and in skeletal muscle, these pathways synergistically activate slow fiberspecific genes (48) . Activated CaMKIV has also been shown to reconstitute transcriptional activity of the cytosolic component of NFAT in non-T cells and to activate the AP-1 transcription factor, which is an integral component of NFAT transcriptional complexes (46) .
The results from this and previous studies (12) demonstrate that MEF2 and NFAT are transcriptional targets for CaMK and calcineurin, respectively, in the heart. Moreover, it appears that NFAT3 activation is sufficient to induce hypertrophy (12) . However, whether these transcription factors are essential for the hypertrophic growth in response to these or other signaling pathways remains to be determined. A recent report that cardiac expression of a dominant negative
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Figure 6
Intercrosses between the CaMKIV and NFAT∆317 transgenic mice. (a) Histological sections of wild-type, CaMKIV, NFAT∆317, and CaMKIV + NFAT∆317 transgenic mice at 6 weeks of age. All sections were cut at the midsagittal level and parallel to the base. (b) Heart weight/body weight ratio (×1,000) of wild-type (WT), CaMKIV, NFAT∆317, and CaMKIV + NFAT∆317 at 6-8 weeks of age (n = 5 for each group). A P < 0.05 versus WT animals.
MEF2 mutant prevents postnatal cardiac growth raises the possibility that MEF2 is an essential regulator of cardiac growth (49) . MEF2 and NFAT have been shown to activate some genes cooperatively by binding adjacent sites, raising the possibility that they converge on common downstream target genes in the hypertrophic signaling pathway (50) . However, other transcription factors have also been shown to participate in activation of fetal cardiac genes in response to hypertrophy (51) (52) (53) (54) (55) (56) . Thus, MEF2 and NFAT may activate cascades of subordinate regulators or act as part of a larger transcriptional program for hypertrophy. Indeed, there is evidence to suggest that MEF2 acts through an indirect mechanism to regulate certain genes controlled by serum response factor (57), which is thought to participate in hypertrophy (54) .
CaMK signaling in the heart. Numerous studies have suggested a role for CaMKs in hypertrophic signaling. CaMK activity is elevated in failing human hearts (27, 28) , consistent with our findings that activated CaMK induces hypertrophy that progresses to failure. CaMKII-δ B has been shown to selectively activate the ANF promoter in cultured cardiomyocytes (24) . Although the CaMK inhibitor KN-93 blocks the hypertrophic response of primary cardiomyocytes to PE, CaMKII-δ B was shown to increase ANF expression without increasing myofibrillar organization in cardiomyocytes (24) . These studies suggest other CaMK isoforms are required for the complete hypertrophic response to PE. Induction of cardiac hypertrophy by ET-1 in vitro can be completely blocked by the PKC inhibitor H-7 and KN-62, whereas only partial inhibition is observed with either inhibitor alone (26) . These observations further underscore the cooperativity of CaMK signaling with other signaling pathways.
CaMKI and -IV showed equivalent hypertrophic activity when assayed for their ability to stimulate the ANF and α-skeletal actin promoters. Both of these kinases are activated by CaM kinase kinase (58) . CaMKI is expressed in a wide range of tissues, including the heart, whereas CaMKIV is expressed predominantly in brain, testis, spleen, and thymus (refs. 39 and 59; reviewed in ref. 60 ). Low levels of CaMKIV expression have also been detected in the heart (39) .
Although our results demonstrate that signaling by CaMKIV can evoke a hypertrophic response leading to MEF2 activation, they do not allow us to conclude that CaMKIV is the actual CaMK isoform that might mediate this response in vivo. Indeed, the relatively low level of CaMKIV expression in the heart suggests that other CaMK isoforms may be more likely to participate in this signaling pathway. As pointed out previously (4), it should also be emphasized that results obtained by forced expression of activated signaling molecules in the heart can identify possible pathways influencing cardiac function, but such studies must ultimately be confirmed by other gain-or loss-of-function approaches.
Posttranslational activation of MEF2 by CaMK signaling.
Figure 7
CaM kinase-dependent activation of MEF2 in vivo. (a) Induction of MEF2 activity by CaMKIV in the intact heart. MEF2 indicator mice were bred with mice harboring an αMHC-CaMKIV or αMHC-calcineurin (CN) transgenes, as described in the text. Littermates positive for the lacZ transgene and lacking (left) or containing the CaMKIV or calcineurin transgene were sacrificed at 8 weeks of age, and hearts were stained for lacZ expression. LacZ expression was not detected above background levels in control hearts, whereas lacZ expression was detected throughout the CaMKIV transgenic heart. In αMHC-calcineurin transgenics, lacZ staining was observed sporadically in subsets of hypertrophic cardiomyocytes. This was revealed more clearly in histological cross section (lower panels). (b) β-Galactosidase assays were performed on cardiac extracts from wild-type, αMHC-CaMKIV, and αMHC-calcineurin transgenic mice harboring theMembers of the MEF2 family of transcription factors regulate the expression of numerous muscle-specific and growth factor-inducible genes (reviewed in ref. 29) . Although these factors are highly enriched in muscle cells, they are also expressed in other cell types. Our results using MEF2 indicator mice lead to the surprising conclusion that MEF2 protein in the normal adult heart is largely inactive, but can be switched to an active form in response to CaMK signaling. CaMK-dependent activation of MEF2 occurred without a measurable change in MEF2 DNA binding activity. These findings demonstrate that CaMKIV signaling unmasks the transcriptional potential of preexisting MEF2 protein through a posttranslational mechanism in vivo. Although calcineurin has been also shown to stimulate MEF2 activity in transfection assays (50, 61) , calcineurin was a relatively weak activator of the MEF-lacZ transgene in the hearts of MEF2 indicator mice. Similarly, MAP kinase signaling has been shown to stimulate MEF2 activity in transfection assays (reviewed in ref. 62 ), but transgenic mice expressing the activated MAP kinase kinase MEK5, which is known to phosphorylate the MEF2 transcription activation domain, in the heart fail to upregulate the MEF2-lacZ reporter (R. Nicol, F. Naya, and E. Olson, unpublished results). These findings demonstrate that MEF2 activation is a specific consequence of CaMK signaling and not a general response to cardiac hypertrophy and provide in vivo evidence for the independence of the CaMK/MEF2 and calcineurin/NFAT pathways. In addition to their usefulness in discriminating between various hypertrophic signaling pathways in the heart, MEF2 indicator mice should be useful in identifying stimuli in other tissues, such as brain, T cells, and skeletal muscle, that result in MEF2 activation. This strategy of using reporters dependent specifically on multimerized consensus sites for transcription factors may also allow the in vivo transcriptional targets of other signaling pathways to be identified.
The mechanism whereby CaMK signaling activates MEF2 in vivo remains to be determined, but recent studies have suggested some possibilities. We have discovered that MEF2 factors interact with class II histone deacetylases (HDACs), resulting in repression of MEF2-dependent genes, and that CaMK can activate MEF2 by releasing HDACs (63) . CaMKIV has also been reported to directly phosphorylate MEF2, but whether this phosphorylation is responsible for transcriptional activation of the protein has not been determined (64) .
In addition to activating MEF2, CaMKIV has been shown to activate the cAMP-response element-binding protein (CREB) by phosphorylation of serine-133 (65, 66) . In this regard, Fentzke et al. have shown that cardiac expression of a dominant negative mutant of CREB, in which serine-133 was replaced with alanine, induces dilated cardiomyopathy without hypertrophy (67) . We have examined CREB phosphorylation in hearts of αMHC-CaMKIV transgenic mice at 3 months of age and have found no difference from wild-type (R. Passier and E. Olson, unpublished results). Thus, although CREB phosphorylation may be an acute response to CaMKIV activation, phosphorylated CREB cannot account for the long-term changes in cardiac function in these mice.
Possible nontranscriptional targets for CaMK signaling in the heart. Although we have focused on the possible transcriptional effectors for CaMK signaling in the heart, CaMKs phosphorylate a variety of myocardial proteins involved in Ca 2+ handling, such as the ryanodine receptor (68), the sarcoplasmic recticulum Ca 2+ -ATPase (69), and phospholamban (70) , and modulate L-type Ca 2+ channels (71) , which could influence excitation-contraction coupling in cardiomyocytes. Thus, by altering Ca 2+ handling, CaMK activation could evoke a hypertrophic response through an indirect pathway involving altered contractility or function that then results in cardiac hypertrophy. Regardless of whether CaMK signaling leads to hypertrophic growth by acting directly on downstream transcription factors such as MEF2, or by a secondary mechanism, the CaMK signal must ultimately be interpreted in the nucleus to elicit the transcriptional responses associated with hypertrophy. Identification of the transcriptional end points for such pathways represents an important step forward in unraveling the cellular circuitry responsible for normal and abnormal growth of the heart.
